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The study of the harateristis ofW and Z produ-tion is an important test of the Standard Model (SM)desription of gauge boson interations and is sensitiveto physis beyond the SM. The W and Z ross se-tions are diretly sensitive to the trilinear gauge ouplingswhih are uniquely predited by the non-Abelian gaugegroup of the SM eletroweak setor SU (2)L � U (1)Y .W prodution an be used to study the WW vertexand Z prodution an be used to onstrain the ZZand Z verties whih vanish in the SM [1{3℄. Physisbeyond the SM (e.g. ompositeness models or exitedW or Z bosons) ould alter the ross setions and theprodution kinematis. W and Z prodution are alsoimportant bakground ontributions to searhes for newphysis, e.g. in Gauge Mediated Supersymmetry Break-ing models [4℄.This report presents measurements of p�p ! l� + Xand p�p! l+l� +X prodution at ps=1.96 TeV at theTevatron aelerator using data obtained with the up-graded Collider Detetor at Fermilab (CDF). In the SMthe l� and l+l� �nal states our due to W ! l�and Z ! l+l� prodution, as well as via leptonbremsstrahlung: W ! l� ! l� and Z ! l+l� !l+l�. Throughout this letter the notation \Z" is used tospeify Z=� prodution via the Drell-Yan proess. Thenotations W and Z are used to denote the l� andl+l� �nal states.The data are taken at higher enter of mass energyand onstitute a larger data sample by at least a fatorof two than previous measurements [5{9℄. They were ol-leted between Marh 2002 and September 2003, and or-respond to an integrated luminosity of about 200 pb�1.W and Z bosons are seleted in their eletron and muondeay modes. Additionally, a photon with transverse en-ergy above 7 GeV is seleted. The prodution propertiesof the W and Z events are ompared to the SM pre-ditions.The CDF detetor is desribed in detail elsewhere [10℄.Transverse momenta of harged partiles (pT )1 are mea-sured by an eight-layer silion strip detetor [11℄ and a96-layer drift hamber (COT) [12℄ inside a 1.4 Tesla mag-neti �eld. The COT provides overage with high eÆ-ieny for j�j < 1. At higher j�j the silion detetor isused for measuring harged partiles. Eletromagneti1We use a ylindrial oordinate system about the beampipein whih � is the polar angle, � is the azimuthal angle and� = � ln tan(�=2). ET = E sin � and pT = p sin � where E isthe energy measured by the alorimeter and p the momentummeasured in the traking system. ~E/T = �PiEiT ~ni where ~niis a unit vetor that points from the interation vertex tothe ith alorimeter tower in the transverse plane. E/T is themagnitude of ~E/T . If muons are identi�ed in the event, E/T isorreted for the muon momenta.

and hadroni alorimeters surround the traking system.They are segmented in a projetive tower geometry andmeasure energies E of harged and neutral partiles inthe entral (j�j < 1:1) and forward (1:1 < j�j < 3:6) re-gions. Eah alorimeter has an eletromagneti showerpro�le detetor positioned at the shower maximum. Lo-ated at the inner fae of the entral alorimeter, theentral preradiator hambers use the solenoid oil as aradiator to measure the shower development. These twodetetors are used for the photon identi�ation and bak-ground determination. The alorimeters are surroundedby muon drift hambers overing j�j < 1. Gas Cherenkovounters [13℄ measure the average number of p�p inelastiollisions per bunh rossing and thereby determine thebeam luminosity.For the W and Z boson seletion with deays intomuons or entral eletrons, the trigger is solely based onthe identi�ation of a high transverse momentum lep-ton [14℄. For W 's deaying to forward eletrons, thetrigger additionally requires E/T > 15 GeV. O�ine, ahigh-pT lepton (l = e; �) is required to ful�ll tighter se-letion riteria [14℄. Eletron andidates are required tohave ET > 25 GeV and j�j < 2.6. In the entral re-gion, a COT trak with pT > 10 GeV/ must be asso-iated with the energy deposition, while in the forwardregion alorimeter-seeded silion traking is used to asso-iate a trak with the eletromagneti shower [15℄. Theeletromagneti shower pro�le of an eletron andidatemust be onsistent with expetations from test beamdata. Muons are seleted by requiring a COT trak withpT > 20 GeV/, and the assoiated energy deposition inthe alorimeter to be onsistent with that expeted for amuon [14℄. In addition, for at least one muon per event,the trak segments in the muon hambers must maththe extrapolated position of the muon trak and be inthe range j�j < 1.0. Both eletrons and muons must beisolated from other alorimeter energy depositions [14℄.The seleted samples orrespond to an integrated lumi-nosity of 202 pb�1 (168 pb�1 ) for entral (forward) ele-trons and 192 pb�1 (175 pb�1 ) for muons in the regionj�j < 0:6 (0:6 < j�j < 1:0).For W ! l� andidates, we also require E/T> 25 (20)GeV in the eletron (muon) hannel as evidene for theneutrino. For the W ! �� hannel, events with an ad-ditional trak with pT > 10 GeV/ and a alorimetersignal onsistent with a muon, are rejeted as potentialbakground from Z ! �+��. For the seletion of Zandidates, a seond eletron is required in the eletronhannel and a seond isolated trak onsistent with aminimum ionizing partile in the muon hannel.In the Z analysis the invariant mass of the dilep-ton pair, M (l+; l�), is required to be in the range 40< M (l+; l�) < 130 GeV/2 to enhane the sensitivityto on-shell Z boson prodution. In the W analysis thetransverse mass,MT (l; E/T ), is required to be in the range30 < MT (l; E/T ) < 120 GeV/2 to selet on-shell W bo-4



son prodution. The transverse mass is used sine thelongitudinal omponent of the neutrino momentum an-not be measured: MT (l; E/T ) = q2plTE/T (1� os�l;E/T ),where �l;E/T is the di�erene in azimuthal angle betweenthe lepton momentum and the missing transverse mo-mentum vetor.After reonstruting a W or Z andidate, we selet aphoton with ET > 7 GeV within j�j < 1.0 whih is iso-lated from other partiles in both the alorimeter and thetraking detetors. The transverse energy deposit aroundthe photon in a one �R = p(�i � �)2 + (�i � �)2 =0.4 is required to be less than 10% of the photon trans-verse energy for ET < 20 GeV and less than 2+0:02(ET�20) GeV for ET > 20 GeV. Here, �i and �i denote the lo-ation of the energy deposit in the ith alorimeter towerexluding those assoiated with the photon andidate.The total sum of the trak transverse momenta in a oneof 0:4 around the photon andidate is also required to beless than 2 GeV/. To remove eletron bakground werequire there to be no trak with pT > 1 GeV/ point-ing toward the photon andidate. The photon andi-date also must have a shower shape onsistent with asingle partile and must be separated from the leptonby �R(l; ) =p(�l � �)2 + (�l � �)2 > 0.7. This lastrequirement is plaed to suppress the ontribution frombremsstrahlung photons. After all seletion riteria areapplied, 323 W andidates and 71 Z andidates arefound.The most important soure of bakground to both theZ and W analysis is the prodution of a real Z or Wboson and a hadron whih is misidenti�ed as a photon.This bakground is determined using large event samplestriggered on jets at several ET thresholds: 20, 50, 70 and100 GeV. We measure the fration of jets in the sampleswhih pass all the photon seletion requirements. Thisfration is then orreted for prompt photon ontamina-tion within the jet samples. Two methods were used toestimate this ontamination. For ET < 40 GeV, the es-timate of the prompt photon ontamination exploits thebroader shower shape of �0 !  showers ompared toprompt  showers in the eletromagneti shower pro�ledetetor [16℄. For ET > 40 GeV hits in the entral pre-radiator hambers are ounted. In this method promptphotons are distinguished from meson deays sine theprobability of a photon onversion in the magneti oil ishigher for �0's than for prompt photons [16℄. The result-ing fake rate for a jet to pass all photon seletion uts isabout 0.3% at ET = 10 GeV and dereases exponentiallyto about 0.07% for ET = 25 GeV.We obtain the bakground predition by applying thisfake rate to jets in W and Z events. The bakgrounddue to events where neither the leptons nor the photonare genuine is impliitly taken into aount in the aboveestimate. In the W analysis an additional bakgroundarises from Z prodution where large E/T is observed

due to an undeteted lepton. This bakground is larger inthe muon than in the eletron hannel due to the smallermuon overage of the CDF detetor. Another soure ofbakground is ��� ! l�l ����� prodution. These twobakgrounds are determined using the Monte Carlo gen-erators desribed below. �� is found to be a negligiblesoure of bakground in both analyses.A summary of the bakground ontributions for theW analysis is given in Table I. For the Z analysis, theonly bakground is due to jets mis-identi�ed as photons.For ee, the estimated bakground is 2:8 � 0:9 events,and for ��, it is 2:1� 0:6 events.TABLE I. Bakground event ontributions for the e� and�� analyses. The ombined statistial and systemati un-ertainty on the bakground predition is also quoted.e� ��W+jet 59:5� 18:1 27:6� 7:5�� 1:5� 0:2 2:3� 0:2l+l� 6:3� 0:3 17:4� 1:0Total Bakground 67:3� 18:1 47:3� 7:6The p�p ! l�X and p�p ! l+l�X SM signal pre-ditions are determined using leading order Monte Carlogenerators for all three lepton generations. The matrixelement generator [2,3℄ inludes initial and �nal statephoton radiation and the WW vertex diagram. Ini-tial state QCD radiation and hadronization are inludedusing PYTHIA [17℄. The parton momentum distribu-tion is modeled with CTEQ5L parton density funtions(PDF's) [18℄. O(�s) QCD orretions [19℄ to the Wand Z prodution ross setions are alulated usingCTEQ5M PDF's [18℄. These orretions inrease theW(Z) ross setion by 33� 55% (27� 32%) for ET in therange 10� 55 GeV.The SM ross setion for p�p ! l�X prodution forthe kinemati region ET > 7 GeV and �R(l; ) > 0:7is 19:3 � 1:4 pb for the W -boson deaying into a singlelepton avor. For the same kinemati region and withthe invariant mass of the dilepton pair M (l+; l�) > 40GeV/2, the ross setion for p�p! l+l�X prodution is4:5�0:3 pb for the Z-boson deaying into a lepton pair ofa single avor. The 7% unertainty on the ross setiondue to higher order ontributions and unertainties onthe PDF's is evaluated by hanging the fatorization sale(2%), the renormalization sale (3%) and omparing thepreditions made with several PDF's (5%) [20,21℄.The observed (Nobs) and expeted numbers of sig-nal (Nsig) and bakground (Nbg) events in the W andZ analyses are given in Table II. Both the eletron andmuon data are in good agreement with expetations. Thesystemati unertainties on these measurements inludeunertainties on the event seletion eÆieny and aep-tane. The main ontributions ome from higher order5



QCD orretions to the aeptane and the eÆieny ofthe photon seletion. The dominant unertainty on thebakground is due to the jet fake rate unertainty. Thetotal systemati unertainty on the ross setions is 9-14% for the W and 3% for the Z ross setions. Anadditional unertainty of 6% arises from the luminositymeasurement.TABLE II. Expeted and observed numbers of events fore� and ��, e+e� and �+�� prodution. The systematiunertainties listed for the expeted number of events exludesthe 7% unertainty on the theoretial ross setion and the6% unertainty in luminosity measurement. The produt ofthe aeptane and eÆieny, A� �, and the measured rosssetions, �(l�) and �(l+l�), are also listed. The �rst un-ertainty is statistial and the seond is systemati. There isa separate error on the luminosity normalization of 1:2 pb forthe W and 0:3 pb for the Z ross setion measurements.e� ��Nsig 126:8� 5:8 95:2� 4:9Nsig +Nbg 194:1� 19:1 142:4� 9:5Nobs 195 128A� � 3:3% 2:4%�(l�) (pb) 19:4� 2:1� 2:9 16:3� 2:3� 1:8e+e� �+��Nsig 31:3� 1:6 33:6� 1:5Nsig +Nbg 34:1� 1:8 35:7� 1:7Nobs 36 35A� � 3:4% 3:7%�(l+l�) (pb) 4:8� 0:8� 0:3 4:4� 0:8� 0:2The ross setion �(l�) is measured in the kinematirange �R(l; ) > 0:7 and ET > 7 GeV with � =(Nobs�Nbg)=(A���R L dt) = (Nobs�Nbg)=Nsig��SM .Here, RL dt is the integrated luminosity, A is the aep-tane, � is the seletion eÆieny and �SM is the SMross setion of the Monte Carlo simulation sample usedfor estimating the aeptane and number of expetedsignal events. The resulting ross setions are given inTable II. The measured ross setions are determinedfor the full W deay phase spae, transverse mass rangeand photon � range using extrapolations based upon theSM expetation [19℄. Combining the eletron and muonhannel, assuming lepton universality, and taking into a-ount orrelations of the systemati unertainties, yields�(l�) = 18:1 � 3:1 pb. The theoretial predition forthis ross setion is 19:3� 1:4 pb.The ross setion �(l+l�) is measured in the kine-mati range �R(l; ) > 0.7, ET > 7 GeV andM (l+; l�) > 40 GeV/2. We follow the same proedureas for the W analysis and obtain the ross setion listedin Table II. The measured ross setions are determinedfor the full Z deay phase spae, dilepton mass rangeM (l+; l�) > 40 GeV/2 and photon � range using extrap-

olations based upon the SM expetation [19℄. The om-bined eletron and muon result is �(l+l�) = 4:6 � 0:6pb. The theoretial predition for this ross setion is4:5� 0:3 pb.
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